Perhaps one of the most well-studied heart diseases caused by dysregulation of protein quality control mechanisms is desmin-related cardiomyopathy (DRM). DRM is caused by a deficiency or mutation of desmin, a musclespecific type III intermediate filament that serves as a scaffold to link the sarcomere to other intracellular structures.
D
isruption of protein homeostasis has significant consequences in cells. In particular, accumulation of misfolded proteins is cytotoxic and leads to the development of numerous diseases. 1 Cells, therefore, have protein quality control mechanisms to prevent or minimize proteotoxicity, including constant monitoring of protein structure, localization by chaperones, and degradation by the ubiquitin-proteasome system and the autophagy-lysosome system. 2 Chaperones can function as key players in refolding of misfolded proteins and promote degradation of misfolded or damaged proteins not suitable for refolding via the ubiquitin-proteasome system or autophagy. 3 Although the ubiquitin-proteasome system targets soluble misfolded proteins, large protein aggregates are primarily degraded by autophagy. 4 Impairment of either chaperones or the protein degradation systems leads to accumulation of misfolded proteins or mislocalization of normal proteins and causes proteotoxicity; the diseases caused by proteotoxicity are collectively called proteinopathy. Proteinopathy has drawn the attention of many cardiovascular scientists recently because proteotoxicity has been identified in many cardiovascular conditions, including aging-induced cardiac hypertrophy and heart failure. 2 Perhaps one of the most well-studied heart diseases caused by dysregulation of protein quality control mechanisms is desmin-related cardiomyopathy (DRM). DRM is caused by a deficiency or mutation of desmin, a musclespecific type III intermediate filament that serves as a scaffold to link the sarcomere to other intracellular structures. 5 Figure 1 ) has gained in popularity because of its potential beneficial effects on health. 9 The authors have previously observed that IF transcriptionally upregulates genes encoding the autophagy-lysosome machinery and stimulates autophagic flux to precondition the heart, reducing ischemia-reperfusion injury and cell death. 10 Ma et al 7 extended this observation for the treatment of an advanced form of DRM and demonstrated that IF rescues the impaired autophagic flux, reduces protein aggregates, and improves cardiac function in CryABR120G mice. The fact that IF is able to improve the cardiac phenotype of this established and severe form of DRM is clinically promising. Mechanistically, Ma et al showed that IF induces nuclear localization of transcription factor EB (TFEB), a key transcription factor that regulates autophagy and lysosomal machinery, 7 and that TFEB directly induces transcriptional upregulation of HSPB8, a small HSP (Figure 2 ). TFEB and HSPB8 activate both general autophagy and chaperone-assisted selective autophagy, 11, 12 thereby removing protein aggregates and damaged organelles, including mitochondria. HSPB8 also promotes protein refolding as part of the BAG3-HSPB8-HSC70 (BAG, Bcell lymphoma 2-associated anthanogene; HSC, Heat shock cognate) complex 13 and assists in restoring desmin to its physiological localization. More important, the study shows the first evidence that both TFEB and HSPB8 are indispensable for mediating the salutary effect of IF in CryABR120G mice. 7 IF improves insulin resistance in type 2 diabetes mellitus 14 and reduces inflammation and high blood pressure. 15, 16 IF has also been shown to increase the lifespan of rats and mice. 17 Thus, although TFEB can protect cardiomyocytes with CryABR120G overexpression in a cell-autonomous manner, 7 the salutary effect of IF in CryABR120G mice may be mediated, in part, through extracardiac mechanisms as well.
The authors showed that downregulation of HSPB8 completely abrogates the cell-protective effects of TFEB overexpression, despite the fact that removal of protein aggregates by autophagy is spared in this condition in cultured cardiomyocytes. 7 This suggests that the chaperone activity of HSPB8 is essential for mediating the salutary effect of the IF-TFEB pathway and that TFEB-mediated activation of autophagy may not be sufficient. Although activation of autophagy by IF and TFEB may assist in the release of desmin from misfolded proteins and the removal of dysfunctional proteins and organelles, whether it is also essential for mediating the effect of IF or TFEB has yet to be determined. It would be interesting to test whether selective downregulation of autophagy, such as through loss of Atg7 (Autophagy) function, affects the salutary effect of IF or TFEB in CryABR120G mice. It is possible that autophagy and HSPB8 are both essential. Alternatively, upregulation of HSPB8 may be both necessary and sufficient to mediate the rescue of DRM in response to IF or TFEB, but induction of autophagy may not be. It has been suggested that protein aggregates themselves may not be directly correlated with the toxicity. 18 Thus, determining the relative importance of HSPB8 versus autophagy in mediating the effect of IF and TFEB would provide an important clue to determine the key mechanism facilitating the cardiac pathological feature in CryABR120G mice. Although mechanisms of protein degradation are supposed to be induced in the presence of misfolded proteins, the mechanisms that maintain the quality of proteins and organelles are obviously impaired or insufficient at advanced stages of dysfunction in CryABR120G mice. Impairment of the ubiquitin-proteasome system is observed in CryABR120G transgenic mice hearts even before the mice develop cardiac dysfunction, 19 and the autophagic activity is also reduced during the late stage of cardiac dysfunction. 8 Elucidating the molecular mechanisms preventing activation of the quality control mechanisms is important. Ma et al 7 propose that mammalian target of rapamycin activation, caused by amino acid release from the initial degradation of misfolded proteins, inhibits the nuclear import of TFEB. It is unclear, however, whether mammalian target of rapamycin activation is sustainable because autophagy is inhibited in the advanced stage of DRM. Further investigation is needed to elucidate the signaling mechanisms controlling protein quality control in DRM. Increasing lines of evidence suggest that IF may improve other cardiovascular conditions, including hypertension and aging-induced cardiac hypertrophy. The study by Ma et al 7 suggests that it may also be possible to apply IF for the treatment of established heart disease, such as cardiomyopathy and heart failure. The study also suggests that it may be possible to develop an intervention to activate TFEB or upregulate HSPB8 in the heart for the treatment of DRM as an alternative to IF. Like caloric restriction mimetics, interventions that mimic the underlying mechanisms of IF may represent viable options for the treatment of DRM. Examples include trehalose, a disaccharide, and spermidine, a polyamine, which have been shown to upregulate TFEB. Figure 1 . A feeding protocol of the intermittent fasting (IF) used in study by Ma et al. 7 Adult mice are housed on cedar/one bedding and fed a chow (Lab Diet 5053). In the IF group, mice are fed every other day from 12 PM to 12 PM for 6 weeks. After 6 weeks, the body weight and the cumulative caloric intake were significantly less in the IF group than in the ad-lib group. CryABR120G indicates R120G aB-crystallin.
autophagy and/or lysosomal function is irrecoverable, such as in some forms of lysosomal storage diseases. Thus, the application of IF should be carefully evaluated depending on the underlying mechanisms of cardiovascular conditions. Currently, clinical application of IF is still at a primitive stage and awaits careful evaluation of its safety and efficacy, as well as optimization of the feeding protocol.
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None. TFEB not only activates autophagy, thereby eliminating protein aggregates and damaged mitochondria, but also transcriptionally upregulates heat shock protein (HSP) B8, which, in turn, normalizes localization of desmin. HSPB8 also stimulates autophagy through chaperone-assisted selective autophagy and other unknown mechanisms. Autophagic degradation of protein aggregates frees desmin trapped inside, which, in turn, goes back to Z-lines and intercalated discs with assistance of HSPB8 and allows restoration of the normal sarcomere structure. Although the study by Ma et al 7 clearly showed that the salutary effects of TFEB in CryABR120G mice are critically mediated through HSPB8, whether stimulation of autophagy is indispensable remains to be clarified.
